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Dihydroartemisinin attenuates benign prostatic hyperplasia in rats
by inhibiting prostatic epithelial cell proliferation
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Background: Benign prostatic hyperplasia (BPH) is a common urological condition in aging men. While
dihydroartemisinin (DHA) exhibits a wide range of pharmacological activities, to date, there have been no
studies examining the effects of DHA on BPH.

Methods: An iz vivo BPH model was constructed in rats via daily subcutaneous injection of testosterone
propionate (TP) for 28 consecutive days. Rats were randomly distributed into four groups and treated as
follows: (I) control; (I) TP treatment; (ITII) TP and finasteride treatment (positive control); and (IV) TP and
DHA treatment. At the end of the experiment, rats were sacrificed and the prostate weight, prostate index,
thickness of the epithelium, collagen deposition, serum dihydrotestosterone (DHT) levels, Sa-reductase
2 (5AR-2) expression, and proliferating cell nuclear antigen (PCNA) levels in the prostate were examined.
Normal human prostatic epithelial RWPE-1 cells were used in in vitro experiments to further investigate the
anti-proliferative effects of DHA.

Results: TP increased the prostate weight and prostate index in rats, and this effect was reduced with DHA
treatment. In addition, DHA attenuated the morphological changes and collagen deposition in the prostate
tissue induced by TP. Furthermore, DHA reduced the expression of PCNA, serum DH'T, and prostatic SAR-2
in rats with TP-induced BPH. Iz vitro analysis revealed that DHA significantly inhibited the proliferation of
TP-treated RWPE-1 cells.

Conclusions: DHA significantly inhibited the development of BPH by suppressing serum DHT levels,
prostatic SAR-2 expression, and the proliferation of benign prostatic epithelial cells. Thus, DHA is a novel
medicinal agent with potential therapeutic efficacy in the treatment of patients with BPH.

Keywords: Benign prostatic hyperplasia (BPH); testosterone propionate (TP); dihydroartemisinin (DHA);

proliferation

Submitted Jun 04, 2021. Accepted for publication Jul 23, 2021.
doi: 10.21037/atm-21-3296
View this article at: https://dx.doi.org/10.21037/atm-21-3296

Introduction

Benign prostatic hyperplasia (BPH) is an age-related
urological condition and its incidence increases gradually
with age (1). Approximately 50% of men at the age of
60 will experience BPH symptoms, and the prevalence
of these symptoms increases to 80% in patients over 70
years of age (2,3). BPH is a worldwide health concern and
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represents a rapidly growing societal financial burden (4).
BPH can progressively lead to distressing lower urinary
tract symptoms (LUTS), including storage and voiding
inadequacies (5). While the specific molecular and cellular
mechanisms underlying BPH pathogenesis are not fully
understood, numerous studies have suggested that androgen-

mediated stimulation of prostatic cellular proliferation may
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play a role in the development of BPH (6,7).

Dihydrotestosterone (DH'T), converted from testosterone
by the enzyme 5Sa-reductase (5AR), may be a crucial factor
in prostatic epithelial cell proliferation and function (8,9).
Current drug treatments for BPH include 5Sa-reductase
inhibitors (SARIs) and a-blockers (10,11) such as tamsulosin,
alfuzosin, and doxazosin, which can relax the smooth
muscles of the prostate and bladder neck (12). However,
these do not reduce the volume of the enlarged prostate.
5ARIs, such as finasteride and dutasteride, can inhibit the
development of DHT and reduce the risk of acute urinary
retention and surgical intervention. While both antagonists
are effective at treating BPH, these drugs have many adverse
events, including abnormal ejaculation, erectile dysfunction,
and gynecomastia (13). Therefore, the development of
treatment options with fewer adverse effects is warranted.

Dihydroartemisinin (DHA) is the primary active product
of artemisinin, and has been used as a safe and effective
drug for malaria treatment for many years (14). Numerous
studies have shown that DHA has anti-tumor, anti-
fibrotic, anti-inflammatory, and anti-bacterial properties
(15-17). In addition, some studies have demonstrated that
DHA can inhibit cell proliferation with minimal effects
on normal cells. Yuan ez 4/. found that DHA inhibited the
proliferation and colony formation ability of lung cancer
cells and promoted their death (18). Our previous study
showed that DHA attenuates renal fibrosis by inhibiting
the proliferation and differentiation of fibroblasts (16). Yu
et al. demonstrated that DHA effectively inhibits hypoxia-
induced increases in cell proliferation, migration, and
oxidative stress in pulmonary artery endothelial cells (19).
Furthermore, Dong ez al. showed that DHA inhibits human
umbilical vein endothelial cell proliferation by suppressing
the ERK signaling pathway (20).

Since targeting cellular proliferation is crucial in the
prevention of BPH progression, DHA may be a potential
treatment option. Therefore, this study explored the anti-
proliferative effects of DHA on testosterone propionate
(TP)-induced BPH in vivo using rats and iz vitro using TP-
stimulated prostatic epithelial cells. We present the following
article in accordance with the ARRIVE reporting checklist
(available at https://dx.doi.org/10.21037/atm-21-3296).

Methods
Drugs
TP (98% purity) and DHA (C;H,,05, >98% purity) were
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purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China). Finasteride (Fin) (C,;H;3N,O,, 99.97% purity)
was used as a positive control, and was obtained from

MedChemExpress (Monmouth Junction, NJ, USA).

Animals and treatment

Twenty 10-week-old male Sprague-Dawley rats were
provided by the Laboratory Animal Unit (Central South
University, China). The rats were acclimatized in a
12/12 hour light/dark cycle and temperature controlled (23—
25 °C) room for 1 week prior to the experiments. The rats
were randomly distributed into the following four groups: (I)
control; (II) TP; (III) TP + finasteride (Fin: 10 mg/kg/day;
p.o.); and (IV) TP + DHA (DHA: 40 mg/kg/day; p.o.).
Rats in the 3 experimental groups were treated with
subcutaneous injections of TP (3 mg/kg/day) for 4 weeks
to induced BPH. Rats in the control group were injected
with olive oil instead of TP. After 4 weeks, rats were
sacrificed and blood samples were collected from the caudal
vena cava. Blood samples were centrifuged at 1,500 xg for
10 minutes at 4 °C and the serum was collected. The prostate
tissues were harvested immediately and weighed. One
part of prostate tissue was fixed in a 4% paraformaldehyde
solution, and the remaining tissue was stored at -80 °C for
further analysis. A protocol was prepared before the study
without registration. Experiments were performed under a
project license (No.: 201703545) granted by Central South
University Science Research Center (Changsha, China), in
compliance with the National Institutes of Health guidelines
for the Care and Use of Laboratory Animals.

Prostate index

The prostate index was calculated as the ratio of the
prostate weight (mg) to the body weight (100 g).

Histological analyses

The prostate tissue was embedded in paraffin and cut into
4-micrometer sections. Hematoxylin and eosin (H&E)
staining and Masson’s trichrome staining were performed
as previously described (16). Images of the H&E and
Masson’s trichrome-stained sections were acquired using a
microscope (Nikon, Japan). The thickness of the epithelium
in the prostate tissue (TETP) was measured using Leica
Application Suite (ver. 3.3.0) software. The percentage area
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of collagen fibers was quantified from three random fields
of view at 100x magnification from each tissue slice and
quantified with Image Pro Plus 6.0 software.

Immunobistochemistry

The sections were deparaffinized in xylene, rehydrated
using descending grades of alcohol, and immersed in 3%
hydrogen peroxide to inactivate endogenous peroxidase.
The cells were then incubated in a blocking buffer
containing 5% bovine serum albumin for 1 hour. The
sections were incubated at 4 °C overnight with antibodies
against proliferating cell nuclear antigen (PCNA; 1:100;
Servicebio, China) followed by incubation with a 1:500
dilution of horseradish peroxidase (HRP)-conjugated anti-
rabbit secondary antibody (1:100; Sigma-Aldrich, St. Louis,
MO, USA) at room temperature for 30 minutes. Images
were acquired using a microscope (Nikon).

Serum concentrations of DHT

Quantification of DHT in the serum was determined
using an enzyme-linked immunosorbent assay (ELISA)
kit (BioLegend, Inc.) according to the manufacturer’s
instructions.

Cell culture

The RWPE-1 human prostatic epithelial cell line was
purchased from Procell Life Science & Technology Co.,
Ltd. (Wuhan, China). RWPE-1 cells were maintained at
37 °C in Roswell Park Memorial Institute (RPMI)-1640
medium (Gibco, Big Cabin, OK, USA) supplemented with
1% penicillin/streptomycin and 10% fetal bovine serum
(Sigma-Aldrich Inc.) in a humidified atmosphere containing
5% CO,. The cells were treated with 0.5 uM TP to induce
cell proliferation in the presence or absence of finasteride
(0.5 uM) or DHA (30 pM).

Cell viability assays

RWPE-1 cells were seeded into 96-well plates. The Cell
Counting Kit-8 (CCK-8; Dojindo, Japan) was used to
assess proliferation of RWPE-1 cell according to the
manufacturer’s instructions.
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EdU proliferation assay

EdU staining is a sensitive and robust method for the
detection and quantification of cell proliferation (21). An
EdU assay was performed according to the manufacturer’s
instructions (Click-iT EdU Kit, Invitrogen, Waltham, MA,
USA). Samples were analyzed using the iRiS Digital Cell
Imaging System (Logos Biosystems, Anyang, Korea).

Western blot analyses

Prostate tissues were minced and lysed with RIPA buffer
(Beyotime Biotechnology, China). Equivalent amounts of
protein samples were separated by sodium dodecylsulfate-
polyacrilamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes (Millipore, USA).
The membranes were blocked using 5% fat-free milk and
incubated with primary antibodies against glyceraldehyde
3-phosphate dehydrogenase (GAPDH, 1:2,000; Servicebio),
PCNA (1:500; Servicebio), and SAR-2 (1:500; Abcam Inc.)
overnight at 4 °C. Following washing, membranes were
incubated with HRP-conjugated secondary antibodies at
room temperature for 2 hours. The chemiluminescent
intensities were quantified using Image J and normalized to
GAPDH.

Statistical analysis

The results are presented as mean = standard deviation (SD).
Statistical analyses were performed using GraphPad Prism
8.0. Statistical significance for comparisons among two
groups was analyzed using the #-test. A P value <0.05 was
considered statistically significant.

Results

DHA attenuates prostate weight and index in the BPH rat
model

Figure 14 shows the chemical structure of DHA. The
prostate index is commonly used to assess the degree
of BPH development (22). The prostate weight of rats
in the TP-induced BPH group (1,908.3+125.6 mg) was
significantly higher than that of rats in the control group
(989.3+81.0 mg) (P<0.01) (Figure 1B). However, treatment
with Fin (1,382.3+310.8 mg) and DHA (1,480.0+127.5 mg)
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Figure 1 The effects of dihydroartemisinin on prostate weight and prostate index in rats. (A) The chemical structure of DHA. (B) The total
prostate weight of the rats. (C) The ratio of prostate weight (mg) to body weight (100 g). n=4; **P<0.01 versus Control group; "P<0.05 versus

TP group. DHA, dihydroartemisinin; TP, testosterone propionate.

significantly reduced the prostate weight compared to that
observed in untreated BPH rats (Figure 1B). Moreover, the
prostate weight/body weight ratio or the prostate index was
significantly higher in the untreated BPH rats (384.8+26.1)
compared to BPH rats treated with Fin (282.8+71.2) and
DHA (319.3+29.3) (Figure 1C).

DHA alleviates the histological changes and collagen
deposition associated with the BPH rat model

The effects of DHA on prostate gland morphology were
investigated by histological examination of the prostate and
collagen deposition in the tissue. H&E staining showed
that rats treated with 3 mg/kg/day TP for 28 days exhibited
typical patterns of glandular hyperplasia with concomitant
papillary in folding and stacking of epithelial cells, a
vacuolated cytoplasm pointing towards the glandular lumen,
and a reduced glandular luminal area. Administration of Fin
and DHA for 28 days alleviated these typical hyperplastic
patterns (Figure 2A4). In addition, as shown in Figure 2B, rats
in the TP group showed a significant increase (60.7+15.0 pum)
in TETP compared to the normal rats (14.0+£5.2 um). Rats
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in the Fin- (30.8+38.5 um) and DHA-treated (37.4+11.7 um)
groups showed a significant reduction in prostate thickness.

Extracellular matrix deposition is a salient feature of
BPH (23). As shown in Figure 24, collagen deposition
was not observed in the interstitial tissues of control rats,
whereas collagen deposition was noticeable in TP rats,
as visualized by Masson’s trichrome staining. Compared
to TP rats, prostate tissues in the TP + Fin and TP +
DHA rats showed reduced areas of collagen deposition
(Figure 24,2C). These results demonstrated that DHA
alleviated the histological changes and collagen deposition
associated with the BPH rat model.

DHA reduces the expression of prostatic proliferation
markers in the prostate tissues of BPH rats

PCNA is widely used to evaluate cellular proliferation (24).
Immunohistochemical staining showed that the expression
of PCNA was significantly increased after TP treatment
(Figure 3A). In the TP + Fin and TP + DHA groups, PCNA
expression was significantly lower than that in the TP
group. Western blot analysis showed that TP treatment
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Figure 2 The effects of dihydroartemisinin on the histological changes and collagen deposition in rats. (A) H&E staining of prostate tissues

(top panel: 100x magnification, bar =50 pm; second panel: 200 x magnification, bar =50 pm). Masson’s trichrome staining of prostate tissues
(third panel: 200x magnification, bar =50 pm). (B) The thickness of epithelium tissue from prostate (TETP) (n=4; **P<0.01 versus Control
group; "P<0.05 versus TP group). (C) Quantification of Masson’s trichrome staining. The percentage area of collagen fiber was quantified

from three random fields of view (200x magnification) from each tissue slices (n=4; **P<0.01 versus Control group; "P<0.05 versus TP

group). H&E, hematoxylin and eosin; DHA, dihydroartemisinin; TP, testosterone propionate.

induced a significant upregulation of PCNA expression
compared to control rats. However, the upregulated PCNA
expression was alleviated in the TP + Fin and TP + DHA
groups (Figure 3B). These results indicated that DHA
reduced the expression of prostatic proliferation markers in
the prostate tissues of BPH rats.

DHA suppresses serum DHT levels and prostatic
Sa-reductase 2 expression in BPH rats

DHT is one of the most crucial factors in prostatic
epithelial cell proliferation (25). ELISA assays demonstrated
that the serum levels of DHT were significantly higher in
TP rats compared to control rats (Figure 44). Intervention
with Fin and DHA significantly decreased serum DHT
levels. The conversion of testosterone to DHT occurs by
the action of the enzyme 5AR (8,9). Western blot analyses
showed that expression of 5AR-2 in the TP group was
higher than that in the normal control group (Figure 4B).
Treatment with Fin and DHA resulted in the inhibition of
SAR-2 expression in TP-treated rats.

© Annals of Translational Medicine. All rights reserved.

DHA mitigates the proliferation of TP-induced RWPE-1
cells in vitro

Human RWPE-1 prostatic epithelial cells were used to
explore the anti-proliferative effect of DHA in vitro. The
CCK-8 assay showed that 100 pM DHA significantly
decreased RWPE-1 cell viability. A lower concentration of
30 uM DHA had no marked deleterious effects on the cells
and was thus used for further experiments (Figure 5A). The
EdU assays demonstrated that 0.5 pM TP enhanced cell
proliferation compared to untreated control cells. However,
Fin and DHA significantly reduced cell proliferation in the
TP-treated cells (Figure 5B,5C).

Discussion

The present study explored the effects of DHA on TP-
induced BPH in rats. DHA administration for 4 weeks
significantly attenuated the TP-induced increase in prostate
weight and index, changes in the histology of prostate tissue,
and collagen deposition, by decreasing serum DHT and
prostatic 5AR-2 expression. In addition, DHA inhibited the
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Figure 3 The effects of dihydroartemisinin on proliferating cell nuclear antigen expression in the prostate tissues. (A) Immunohistochemical
staining of PCNA (100x magnification, bar =50 pm). (B) Protein expression of PCNA in prostate tissues of rats detected by western blotting
(n=3; **P<0.01 vs. Control group; "P<0.01 vs. TP group). DHA, dihydroartemisinin; TP, testosterone propionate; PCNA, proliferating cell

nuclear antigen.
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Figure 4 The effects of dihydroartemisinin on dihydrotestosterone and 5o-reductase 2 expression in rats. (A) DHT levels were quantified
by serum rat ELISA assay. (B) Protein expression of 5AR-2 in prostate tissues of rats detected by western blotting (n=3; **P<0.01 vs. Control
group; *P<0.01 vs. TP group). DHA, dihydroartemisinin; TP, testosterone propionate; DH'T, dihydrotestosterone; SAR-2, Sa-reductase 2.
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Figure 5 The effects of dihydroartemisinin on proliferation of RWPE-1 cells in vitro. (A) Cell viability was evaluated by the CCK-8 assay

(n=3; *P<0.05 vs. Control group). (B) EdU-incorporated cells were detected by immunofluorescence (100x magnification, bar =50 pm). (C)

Quantification of EdU-positive cells, based on the percentage of nuclei stained with EdU (n=3; **P<0.01 vs. Control group, *P<0.05 vs. TP

group). DHA, dihydroartemisinin; TP, testosterone propionate; CCK-8, cell-counting kit 8.

proliferation of prostatic epithelial cells iz vivo and in vitro.

BPH is one of the most common benign proliferative
diseases in the urinary system of middle-aged and elderly
men. Despite its high prevalence and adverse socioeconomic
impact, the pathophysiology underlying the development of
BPH is complicated and poorly understood. The occurrence
of BPH is associated with the induction of the proliferation
of both epithelial and stromal cells of the prostate in the
transitional zone surrounding the urethra (26). PCNA is
an essential factor in DNA replication and repair, and is
thus widely used to evaluate cell proliferation in benign and
malignant proliferating tissues. Furthermore, PCNA levels
have been shown to correlate directly with the proliferative
state of various tissues, including the prostate (27,28).
Consistent with previous studies (27,28), TP-induced BPH
in rats was characterized by a significant increase in PCNA
expression. However, the oral administration of DHA
markedly inhibited PCNA expression. Both CCK-8 and
EdU assays demonstrated that DHA prevented the TP-
induced cell proliferation in RWPE-1 cells.

Several factors can increase the risk of BPH development
and progression. The dominant roles of the androgen
system and aging are clearly recognized (29). Testosterone
and DHT are crucial factors for prostatic epithelial
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cell proliferation and function and are thus involved in
the pathogenesis of BPH (9). DHT is a more powerful
androgen than testosterone because of its high affinity
towards androgen receptors (30). In this study, an iz vivo rat
model of BPH was constructed by subcutaneous injection of
TP (3 mg/kg per day) for 4 weeks. Consistent with previous
studies, significant increases in prostate size and weight, and
prostate weight to body weight ratio were observed (31);
histological microscopic anatomical examination of
the prostate showed morphological abnormalities and
androgen-stimulated proliferation of prostatic epithelial
cells (32). The conversion of testosterone to DHT is
facilitated by the enzyme 5AR and DH'T production can
be inhibited by 5ARIs (33) such as finasteride, resulting in a
decrease in prostate size and BPH-related LUTS (34). The
current study demonstrated that prostatic SAR-2 and serum
DHT levels were significantly reduced following treatment
with finasteride. Despite its efficacy in the treatment of
BPH, long-term use of finasteride has serious adverse
effects, including sexual dysfunction, anxiety, depression,
memory disturbance, and headaches (35). Consequently,
natural plant products have emerged as alternative therapies
to inhibit the development of BPH because they have few
adverse effects and provide high therapeutic efficacy.

Ann Transl Med 2021;9(15):1246 | https://dx.doi.org/10.21037/atm-21-3296



Page 8 of 10

The Nobel Prize in Physiology or Medicine was awarded
to Prof. Youyou Tu for the discovery of artemisinin in 2015.
Since artemisinin is hindered by poor water-solubility and
low bioavailability, researchers developed a derivative,
namely, DHA, which exhibits better bioavailability and
improved anti-malarial effects compared to artemisinin (36).
Furthermore, DHA has been shown to exert anti-
proliferative (18-20), anti-fibrotic (16,37), and anti-
inflammatory activity (38,39).

Extracellular matrix deposition is a salient feature
of the benign proliferative disorder BPH. In addition,
inflammation has been reported to play a significant role
in cell proliferation and the development of BPH (5,26).
Although various studies have investigated the properties
of DHA, to date, there have been no studies examining
the effects of DHA on BPH. To confirm the anti-BPH
effect of DHA, finasteride was used as a positive control.
Oral administration of DHA significantly attenuated BPH
development with effects comparable to those of finasteride.
Furthermore, low-dose DHA had no toxic side effects on
RWPE-1 cells and reduced cell proliferation induced by
TP. Further studies are warranted to determine the precise
mechanisms underlying the anti-proliferative effects of
DHA on prostate cells.

In conclusion, this study demonstrated that DHA
significantly impeded the development of BPH by
suppressing the expression of androgenic hormone-
related markers and inhibiting the proliferation of prostatic
epithelial cells. These results suggested that DHA may be
a potential therapeutic option for the treatment of patients
with BPH.
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